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Chlorophyll pigment concentration using spectral curvature
algorithms: an evaluation of present and proposed
satellite ocean color sensor bands

Frank E. Hoge and Robert N. Swift

During the past several years the symmetric three-band (460-, 490-, 520-nm) spectral curvature algorithm
(SCA) has demonstrated rather accurate determination of chlorophyll pigment concentration using low-
altitude airborne ocean color data. It is shownherein that the in-water asymmetric SCA, whenapplied to
certain recently proposed OCI (NOAA-K and SPOT-3) and OCM (ERS-1) satellite ocean color bands, can
adequately recover chlorophyll-like pigments. These airbornefindingssuggestthat the proposednewocean
color sensor bands are in general satisfactorily, but not necessarily optimally, positioned tQ allow space

evaluation of the SCA using high-precision atmospherically corrected satellite radiances. The pigment

concentration recovery is not as good when existing Coastal Zone Color Smnner bands are used in the SCA.
The in-water asymmetric SCA chlorophyll pigment recovery evaluationa were performed using (a) airborne
laser-induced cNorophyll fluorescence and (b) concurrent passive upwelled radianca Data from a separate

ocean color sensor aboard the aircraft were further used to validate the fiidings.

L Introduction

The spectral curvature algorithm (SCA) is a three-
band ratio type developed by Grew1,2to calculate chlo-
rophyll pigment concentrations from oceanic upwelled
spectral radiances as measured by the Multichannel
Ocean Color Sensor (MOCS). The computational
technique was originally called the inflection ratio al-
gorithm and was evaluated empirically over a 6-yr
period using low-altitude MOCS data. The SCA re-
sults have been compared to (a) in situ data collected
from surface vessels and (b) laser-induced chlorophyll
fluorescence obtained with the NASA Airborne
Oceanographic Lidar (AOL).1-3 The high correlation
between ~the SCA-derived and laser-fluorescence re-
sults (in addition to their agreement with ship-derived
pigments) has produced a high degree of confidence in
,the three-band or spectral curvature method. Fur-
thermore, a detailed study of the properties of the
SCA3 has explained the physical basis for its success.

The SCA has shown such promise that some have
inquired whether it could be (a) generally applied to
the large amounts of existing CZCS data and/or (b)
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used with the recently proposed satellite color bands
on sensors that are due to replace or augment the aging
CZCS. In this vein, still others have suggested that
relatively minor changes in the placement of the usual
two-band or blue-green algorithm bands, the SCA
could be accommodated on future sensors without
compromising or risking loss of the usual blue-green
ratio data.

The purpose of this paper is to present the results of
a study to assess the applicability of the SCA to (a)
existing coastal zone color scanner (CZCS) bands and
(b) new satellite sensors whqse bands have been pri-
marily selected for use with standard two-band or
blue-green ratio algorithms. In turn it is then a sec-
ondary purpose of this paper to assess the optimality of
the standard three-band symmetric SCA when com-
pared to these asymmetrically occurring satellite band
selections. The usual SCA for chlorophyll has center
wavelength bands at 460,490, and 520 nm. Hopefully,
future experimental and theoretical studies will more
fully address asymmetric chlorophyll SCAS.

Herein, when referring to passive measurements,
chlorophyll, or chlorophyll pigments, is a generic term
used to denote the sum of the concentration of chloro-
phyll a and the phaeopigments.

\

[1. Spectral Curvature Algorithm

Grewl found that simple ratios of the sensor-mea-
sured radiances L(A) such as L(&J/L(A1) and 14M/
L(A2) tended to vary with environmental factors (such as
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Table 1. Suitable Spectral Curvature Algorithm Center Bands for

Chloroohvll C and Phvcoervfhrin P

Czcs OCM OCI OCI
(Nimbus 7) (ERS-1) (NOAA-K) (SPOT-3)
Wavelength Wavelength Wavelength Wavelength

Band (bandwidth) (bandwidth) (bandwidth) (bandwidth)

1 443 (20) 400 (20)
2 520 (20) 445 (20)
3 550 (20) 520 (20) C
4 670 (20) 565 (20)
5 750 (loo) 640 (20)
6 11.5 pm (2 pm) 685 (20)
7 785 (30)
8 1020 (60)
9 1600 (100)

10 3700 (400)
11 8500 (500)
12 10800 (1000)
13 12000 (1OOO)

443 (20) 443 (20)
490 (20) c 500 (20) c
520 (20) C 565 (20)
565 (20) 665 (20)
620 (20) P 765 (4W)
665 (20) 867 (45)
765 (41Y)
867 (45)

llgm(lpm)
12pm (1 pm)

o Notched for the 759–770-nm 02 band

solar elevation, sea state, and cloud cover). Here X is
the wavelength h-tthe middle of a sensor band and Al <
X2 < X3 etc. However, a ratio of such ratios L(Al)/
L(X2) + L(XJ/L(AJ varied significantly less. Thus he
was led to investigate algorithms of the form

L(Ai)2
G~.(x,) =

L(Ai.J . L(Xi+n) ‘
(1)

where i = 1,2,3. . . k represent the center channel or
band number and m,n, the adjacent band number.
For the MOCS, whose channels are separated by =15
nm, Grew1,2 found that the most reliable indicator of
chlorophyll concentration resulted from i = 7 and m =
n=20r

L(490)2
“’(~’) = L(460) - L(520) .

(2)

The actual form of the algorithm derived by Grew from
comparisons with ship truth and airborne laser fluo-
rescence is2

log,C = A – BG2.J&), (3)

where C is the chlorophyll a concentration in pg/liter.
For an altitude of 150 m Grew found that the con-
stants, A = 10.19 and B = 7.33, yielded the best results.
However, the MOCS was uncalibrated at the time he
established these coeftlcients. He found a correlation
coefficient of r = 0.985 in a comparison with laser-
induced fluorescence measurements2 which were gath-
ered simultaneously. For high altitudes, he used the
same algorithm form but with considerably different
values for the constant coefficients A and 1?. Although
employed very successfully by Grew1,2this algorithm is
rather unconventional, since its form is exponential:
C = exp[A – BG22(AT)]. Clearly, the chlorophyll con-
centration C is strongly driven by the numerical con-
stants A and B as well as the G22(A7).

Campbell and Esaias3 used a more conventional
ocean color algorithmic form for their study: C =
alG~l. [This form is more comparable to the C =
a2Rb2 type that is widely used in the usual two-band

(blue-green) ratio R methodology.4’5] Campbell and
Esaiass analyzed the same data as Grew and obtained

log,oC = a – b logloGn(&), (4)

where a = legal = 1.43 and —b = bl = 10.02. On linear
regression in the log–log domain a correlation coeffi-
cient r = 0.94 was found when applied to the same data
for which Grew obtained the r = 0.985.

Campbell and Esaias3 found that their form of the
algorithm is a measure of the curvature of the loglOS(A)
with respect to L It was further found that the algo-
rithm effectively eliminates variations due to changes
in incident irradiance while at the same time enhanc-
ing spectral features of the water medium. The irradi-
ance reflectance of pure water exhibits a distinctive
curvature spectrum with a large negative curvature3 at
490 nm. As chlorophyll-like pigments are added to
the water this negative curvature monotonically ap-
proaches zero. This latter feature is the fundamental
physical basis for the high sensitivity of the algorithm
to chlorophyll in water.

The curvature algorithm is essentially a difference
operator applied twice to the logarithm of the radiance
in band i. At least two additional consequences resulti
(1) Since the differences (or amount of curvature) are
small relative to the radiance at the three respective
wavelengths, the sensor must possess rather high pre-
cision as well as a large dynamic range measurement
capability. (2) The algorithm may be applied in real
time (to uncalibrated data) obtained at low altitudes to
obtain satisfactory chlorophyll measurements. The
instrument must be stable enough to allow application
of the constants determined previously. (Of course, at
high-altitude, additive, independently varying, atmo-
spheric path radiance must, as always, be first removed
before the algorithm is applied to the three-band ra-
diances. The work described herein uses airborne
ocean color data obtained from 150-m altitude. Con-
sequently, according to the results of Grew1~2and the
calculations of (knmbell and Esaias3 atmos~heric and.
sky reflectance corrections are not required and have
not been applied.

Herein the general form of the algorithm as given in
Eq. (4) will be used for all the analyses. The ability of
this passive algorithm to recover chlorophyll-like pig-
ments is assumed to be validated by the high correla-
tion with laser-induced chlorophyll fluorescence ob-
tained concurrently during the flight. Previous
comparisons between the laser-induced and water-Ra-
man-normalized chloroDhvll fluorescence. and the sur-
face truth chlorophyll ‘m~asurements obtained from
cooperating research vessels have established both the
validity and linearity of the airborne fluorescence mea-
surement.3$

Ill. Evaluation of Satellite Ocean Color Sensor Bands

Ocean color sensor data acquired from a low altitude
(150 m) were used to evaluate the potential of existing
and proposed ocean color bands for use in the curva-
ture algorithm for chlorophyll measurement. Table I
lists the satellite sensors and their spectral bands and
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bandwidths (full width at half-maximum) considered
in this study. The ocean color monitor (OCM) bands
were obtained from a recent report.7 Having been
launched in late 1978, the CZCS is presently still in
operation. The ocean color imager (OCI) and the
ocean color monitor (OCM) bands have received con-
sideration for future launch. In our initial investiga-
tions we chose, for each of the above sensors, three
spectral bands lying nearest to the usual 460-, 490-,
and 520-nm wavelengths that have been generally ap-
plied to chlorophyll measurement with the curvature
algorithm. Then all sequential three-band combina-
tions were analyzed. The passive upwelled color spec-
tra were interpolated to obtain the spectral radiance at
the center of each of three satellite bands as given in
Table L The three radiance values were used to calcu-
late

L(A2)2

G = L(A1) . L(XJ ‘

where A2is the central band center wavelength, and Al
and A2 are the center wavelengths of the adjacent
shorter and longer wavelength bands, respectively.
Over the entire flight line all the logG values were then
regressed against the chlorophyll concentration. The
relative chlorophyll concentration was determined
from the laser-induced and water-Raman-normalized
fluorescence simultaneously obtained with the passive
ocean color spectra.

A. Instrumentation

The sensor used for this investigation was the NASA
Airborne Oceanographic Lidar together with its inte-
gral passive ocean color subsystem (POCS). The
AOL/POCS is an active–passive ocean color sensor
since it provides both active and passive detection and
quantification capabilities within a single instru-
ment.s’g

The active or lidar portion of the instrumentation
has been discussed in detail in papers dealing with a
number of diverse marine applications including chlo-
rophyll mapping field experimentslo-12 as well as oil
spill measurements,13’14 tracer dye concentration de-
terminaticm,15 oceanic turbidity cell structure,lG water
depth,17 and laser backscatter18,19 measurement inves-
tigations. The AOL is also capable of performing
terrestrial investigations20,21 including leaf fluores-
cence.22 For the experiments described herein, the
instrument was configured as described in Refs. 8 and
9.

The airborne ocean color data were acquired from a
NASA P-3A aircraft flying -150 m above the ocean
surface. The AOL final mirror was adjusted so that
the ocean was viewed at an off-nadir angle of 15°.
This off-nadir adjustment not only helped eliminate
strong on-wavelength laser backscatter into the spec-
trofluorometer, but it was also used as an effective
means in this study to reduce or eliminate specular
reflection into the spectrometer. This was accom-
plished by azimuthally pointing the mirror so that the

system viewed the ocean 180° from the direction of the
sun.

The AOL/POCS was calibrated using an integrating
sphere similar to the one described by Hovis and
Knoll.23 This calibration is estimated to be accurate
to HMO level and removes the major radiometric differ-
ences among the various channels caused by individual
photomultiplier tube (PMT) gain differences inher-
ently established at the time of manufacture. Once
the PMT voltages necessary for passive mode calibra-
tion were determined using the calibration sphere, the
active mode was tested in a specific wavelength inter-
val by radiating a fluorescent target with the 532-rim
pulsed laser. Since only standard wide bandwidth
electronic amplifiers and analog-to-digital (ADC)
equipment immediately follow the PMTs, the active or
lidar portion of the systems is estimated to be calibrat-
ed to the +1O’YOlevel. These aspects are discussed in
considerably more detail in Ref. 8. This degree of
active system calibration is quite adequate for the
specific application utilized in this paper, since only a
relative chlorophyll concentration is required. Ade-
quate calibration and stability of the passive portion of
the spectrometer are more important in this applica-
tion, since any errors in the relative sensitivity between
passive channels are leveraged by the power-law form
of the curvature algorithm and thus are essentially the
limiting factor in the analysis presented in this paper.

B. Experiment Description

The data given herein were acquired in the New
York Bight during the conduct of airborne field experi-
ments as part of the Department of Energy (DOE)
sponsored shelf edge exchange processes (SEEP) in-
vestigations. The SEEP investigation conducted ini-
tially in the New York Bight region is designed to
assess the assimilative capacity of the Continental
Shelf along the East Coast to absorb energy by-prod-
ucts introduced into the near-shore ocean environ-
ment from coastal communities and marine activities,
such as energy production plants and offshore oil oper-
ations. This capacity depends to a great extent on
rates of removal by sinks in the marine ecosystem.
Accordingly, the distribution and abundance of ma-
rine phytoplankton over the Shelf and in the adjacent
slope water masses are of fundamental importance in
this process. The initial SEEP studies, conducted
between Feb. and May 1984, are part of a longer range
program for the mid-Atlantic region which is planned
to continue every 2 yr over the next decade. Other
institutions participating in these field studies are
Brookhaven National Laboratory (BNL), Yale Uni-
versity, LaMont Doherty Geophysical Observatory,
and Woods Hole Oceanographic Institution. Oceano-
graphic observations within the SEEP test area were
acquired from ship (RV Endeavor), moored buoy, sat-
ellite, and aircraft platforms. The chlorophyll a, tem-
perature, optical attenuation, and other shipboard
measurements related to the AOL observations have
not yet been fully analyzed. Likewise, the results from
satellite imagery analysis and sensors deployed on the
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Fig. 1. Location of the SEEP field test site in the New York Bight
where the airborne active and passive data were obtained. Line H
had the highest pigment variability and was selected for the curva-

ture algorithm study.

moored buoys have not yet been evaluated for compar-
ison with the airborne data. -

Data were chosen from the above regions to evaluate
the satellite bands for chlorophyll recovery using the
curvature algorithm.

V. Airborne Field Experiment Results and Analytical
Approach

A flight line from the SEEP mission flown on 2 Apr.
1984 has been chosen to evaluate the potential of the
CZCS and proposed OCI and OCM satellite bands.
This mission is one of four flown during the SEEP
studies. The 2 Apr. mission was flown 2 days after a
moderate westerly wind flow was experienced in the
area. A general increase in both the level and spatial
variability of chlorophyll a concentration was ob-
served following this event, especially in the inner
portion of the SEEP study site.8’9 As will become
immediately apparent in subsequent discussions, vari-
ability in chlorophyll concentration is an essential re-
quirement for the technique used in this paper.

The flight lines flown during the 2 Apr. mission are
shown in. Fig. L The perimeter of the flight lines
essentially defines the SEEP study site. The flight
lines were designed in conjunction with BNL to com-
plement their sampling strategy with the moored fluo-
rometer arrays. The aircraft data provided periodic
synoptic assessment of the chlorophyll a distribution
between the buoys, especially along-shelf which was
expected to be the dominant direction of surface cur-
rent flow and, therefore, the net trajectory for en-
trained particulate matter.

The AOL/POCS was adjusted to yield thirty-two
contiguous channels in the 408-768-nm spectral re-
gion. Each POCS spectrum was linearly interpolated
to obtain the radiance corresponding to the center
wavelength of the satellite bands listed in Table I.
Satellite bands falling outside the nominal airborne
POCS range (408-768 nm) were not considered. For
example, no calculations were performed for the curva-
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Fig. 2. Comparison of the spectral curvature algorithm with the

laser-induced and water-Raman-normalized chlorophyll fluores-

cence: (a) OCM, ERS-1 (445, 520,565 rim); (b) OCL NOAA-K (443,
490,520 rim); (c) OCI, NOAA-K (490, 520,565 rim); (d) OCI,SPOT-3

(443, 500,565 rim).

ture algorithm corresponding to the OCM 400,415,520
bands, since no airborne data were available for the
400-nm band. Also, no consideration was given to the
bandwidth of the satellite ban~ i.e., the airborne
POCS data were not integrated over the bandwidth of
the satellite band, but instead only the radiance value
at the center wavelength position was used. All possi-
ble curvature algorithms for nearest-neighbor satellite
bands were used to calculate the chlorophyll concen-
tration according to Eq. (4). Nonadjacent band algo-
rithms were not considered. For example, an algo-
rithm using the 443, 520, 670 bands of the CZCS was
not investigated.

For each of the three-band combinations all 8000 of
the logG values for the entire flight line H were linearly
regressed against the laser-induced chlorophyll fluo-
rescence. In Table I those algorithms having a corre-
lation >0.9 are labeled C (for chlorophyll). In fact all
four of these “acceptable” chlorophyll curvature algo-
rithms had correlations of r = 0.94 or greater. These
results suggest that any of these proposed satellite
color band combinations could be used to study the
effectiveness of the curvature algorithm as applied to
spaceborne data. The four curvature algorithm re-
sults are each compared with the laser-induced fluo-
rescence profile in Fig. 2. The results further suggest
that the existing CZCS sensor bands are_not as good.
However, the 443-,520-, 550-nm CZCS bands showed a
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Fig. 3. Comparison of the 565-, 620-, 665-rim spectral curvature

algorithm with the laser-induced and water-Raman-normal ized
phycoerythrin fluorescence.

r = (3.87 correlation, while the 55(3-, 670-, 750-nm bands

yielded a 0.83 correlation. The highest chlorophyll a
concentration was -3 pg/1 at the 20-km position of the
flight line. This concentration was determined by the
standard chlorophyll algorithm in Eq. (3).

The AOL recorded the entire laser-induced spec-
trum which included the phycoerythrin fluorescence
and water Raman backscatter. The same sequential
band combinations previously used in the chlorophyll
regression analysis were processed through the curva-
ture algorithm and compared with both the phycoery-
thrin fluorescence and Raman backscatter. The 565,
620, 665 nm of the OCI (NOAA-K) curvature algo-
rithm showed a correlation of r = 0.85 and is labeled P
in Table L This phycoerythrin algorithm is compared
to the normalized laser-induced phycoerythrin fluo-
rescence cross section in Fig. 3. No other available
bands showed correlation >r = 0.6 for phycoerythrin.
The water Raman backscatter showed no significant
correlation with any possible curvature algorithm.
Accordingly, no such labels appear in Table I.

Thus far, only the airborne active and passive data
obtained in the New York Bight during the SEEP field
experiments have undergone detailed study of satellite
color band placement for photopigment estimation.
As data from other oceanic regions becomes available,
the general validity of the results obtained here can be
more fully assessed.

IV. Summary and Conclusions

Over the past several years the spectral curvature
algorithm has demonstrated very good chlorophyll (or
chlorophyll-like) pigment concentration measurement
results. The recovery of chlorophyll pigment by the
spectral curvature algorithm has been tested using not
only ship truth but also with simultaneous airborne
laser-induced chlorophyll fluorescence measurements.
The algorithm effectively eliminates variation due to
changes in incident irradiance while at the same time
enhances the spectral features of the water medium.
Accordingly, the algorithm can be applied in real time
to uncalibrated and uncorrected total sensor radiance
data when such data are taken from low aircraft alti-
tudes (w150 m). At higher altitudes additive atmo-
spheric path radiance must first be removed before the
algorithm is applied. For the advantages of such an

algorithm a price must be paid. The algorithm is
essentially a difference operator applied twice to the
logarithm of the upwelled radiances, and, since the
result is a small difference in relatively large numbers,
the sensor must possess reasonably high precision and
channel-to-channel stability. Small errors (e.g., due
to poor atmospheric correction) are “leveraged” into
very large errors in chlorophyll estimates. .4ccording-
ly, it is recommended that the curvature algorithm be
cautiously applied to the existing satellite sensor. For
new satellite sensors, the necessary precision and sta-
bility are not unreasonable requirements and can be
accomplished with the careful design engineering and
fabrication attention normally given to a satellite sen-
sor. Airborne instruments have already demonstrat-
ed the short-term stability and precision required with
little attention focused on these aspects.

There is considerable inertia associated with exist-
ing and proposed sensor design. Difficulty is often
encountered in effecting even small changes in the
wavelengths for proposed satellite color sensors. Ac-
cordingly, the effectiveness of existing and presently
designated bands was assessed when used with the
curvature algorithm. The OCM (ERS-1), OCI
(NOAA-K), and OCI (SPOT-3) band placements all
are shown to provide at least one set of wavelengths
that are spectrally located to provide spaceborne as-
sessment of the chlorophyll spectral curvature algo-
rithm. Furthermore, the OCI (NOAA-K) band selec-
tion yielded a promising phycoerythrin SCA when the
565-, 620-, and 665-rim bands are utilized.

It was found that the existing CZCS bands are not as
satisfactorily positioned to yield chlorophyll pigment
concentrations as are the proposed sensor bands of
OCM and OCI. The 443-,520-, 550-nm and 550-,670-,
and 750-cm CZCS bands yielded only a r = 0.87 and
0.83 correlation. The CZCS band SCAS also showed
no signi~lcant correlation with phycoerythrin or water
Raman backscatter.

A symmetric curvature algorithm centered at 600
nm recently yielded reasonably good recovery of the
chlorophyll accessory pigment (CAP), phycoerythrin.
It is hoped that new laser wavelengths will allow the
stimulation of other accessory pigments and the subse-
quent development of passive ocean color algorithms
to allow their airborne, and ultimately, satellite detec-
tion and mapping.
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